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ABSTRACT

The effect of CO, on the oxidation of H atoms chemisorbed on
a Pt electrode is examined with potentiostatic and transient galva-
nostatic techniques. The results indicate that CO, is not reduced,
but that H,q4 oxidation is inhibitedby CO,, or possibly HCO;. Under
these conditionsthe inhibited or blocked H, 4 is stable at potentials
negative to 0.300V (vs N.H.E.). Dissociation of HCOOH to H,4 and
CO, may inhibit the further oxidation of HCOOH by a similar
blocking mechanism.
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INTERACTION OF CARBON DIOXIDE WITH HYDROGEN
CHEMISORBED ON A PLATINUM ELECTRODE

INTRODUCTION

Fuel cell research in recent years has shown that under proper conditions a large
variety of organic compounds can be oxidized to produce electrical power. Organic
systems used at present, however, give relatively low half-cell potentials, have high
overvoltages, and show effects of poisoning after short use times, In general, the open-
circuit half-cell potentials of organic reactants at a Pt electrode are remarkably similar.
This and also the similarities in overvoltage and self-poisoning behavior have led us to
suspect that a common cause exists. Our feeling was that organic reactions could gen-
erate a common species that affected the subsequent oxidation of these compounds.

Our approach to the study of mechanisms of organic oxidation reactions has been to
determine the reason for their common behavior and to determine why organic fuels so
far have failed to deliver the power and operate at the efficiencies that would be necessary
for successful fuel cell application. Our initial endeavor in this direction was to study
the electrochemistry of the oxidation of CO on Pt (1). This was followed by an investiga-
tion of the displacement of adsorbed H atoms with CO molecules (2). These investigations
showed that even very small traces of CO would have undesirable effects on the anodic
polarization of organic fuels.

The object of any successful electrochemical oxidation of an organic fuel is to com-
pletely oxidize all C to CO, and all H to H,O. It is well known from catalytic studies that
H-containing organic compounds often dissociate at a Pt surface to give H atoms that are
chemisorbed. Thus at any Pt surface where an anodic organic reaction occurs, there is a
strong possibility that chemisorbed H atoms (H,4) and CO, will coexist. We have felt
that the interaction of H,4 with CO, may give a clue concerning the common electro-
chemical behavior of many organic reactants.

The interaction of CO, with electrolytically generated hydrogen at Pt electrodes in
acid solution has been reported by Giner (3), who demonstrated a difference between the
anodic polarization behaviors of hydrogen-covered electrodes in saturated solutions of
CO, and He. Giner concluded that CO, is reduced by reaction with Haq between 0.000
and 0.250 V (all potentials are versus the N.H.E.). The chemisorbed product, which he
called reduced CO,, was oxidized at about 0.700 V, 25°C, during anodic galvanostatic
polarization and from 0.500 to 0.900 V during linear potential sweeps.

This study was designed to demonstrate that the experimental results observed by
Giner were indeed due to his assumed interaction (or reaction) and not to an oxidizable
impurity, to investigate the nature of the adsorbed oxidizable species, and to examine
the implications of such an interaction on the interpretation of anodic organic reactions.
EXPERIMENTAL METHOD
Apparatus

The electrolytic cell (Pd tube and miniature glass reference electrodes, large Pt
gauze counter electrode, and 0.19 cm® true area Pt bead working electrode), purification
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of He and H,, and general procedures were as previously described (4,5). High-current
galvanostatic pulses (2.33 A/cm?) were obtained with an Electro-Pulse Model 3450D
generator. Low constant currents were applied either from an Electronic Measurements
Company C-612 constant current supply (0.2 mA/ecm® to 0.6 »A/cm?) or a Keithley Model
600A electrometer (down to 0.05 »A/cm?), both being switched manually. Cell polariza-
tion was either observed and photographed on a recalibrated Tektronix Type 547 oscillo-
scope or recorded on a Varian Associates Model G-11A strip chart recorder from the
output of a Keithley Model 603 electrometer amplifier. Constant potentials were main-
tained with a Wenking Model 61-R fast-rise potentiostat. All current densities are
expressed in terms of true area, as determined from the charge required to deposit one
monolayer of O atoms,*

Baker Analyzed Reagent Grade CO, (99.9992% purity; 1.5 ppm O,; 6 ppm N, + CO)
was purified by passage through a trap containing, at different times, Pd catalyst sup-
ported on alumina at -50°C, palladium oxide supported on alumina at 400°C, or Hopcalite
followed by Cu turnings to remove traces of O, generated by the Hopcalite, both held at
350°C,

Galvanostatic Technique

Anodic charging curves were obtained in 1M H, SO, solutions saturated at 25°C with
purified He, CO,, or a mixture of 22% H, and 78% CO,. The dependence of the charging
curves on potential and time was examined. Before taking each charging curve, the elec-
trode was either left at open circuit until the potential became stable or potentiostated
at a given potential. The open-circuit potentials were always 0.300 Vor less, indicating
a low concentration of oxygen in the electrolyte as a result of gas purification, tightness
of the closed system, and oxygen gettering by the Pd-tube reference electrode (which
contained enough dissolved hydrogen to maintain a stable « Pd-H potential of +0.055V).
The working electrode was always anodized in such a way that dermasorbed oxygen,
namely, oxygen dissolved into the skin of the Pt (4,6), would not be formed. Since experi-
ments showed that the results were independent of the gas flow rate, a convenient rate
was established and the chosen sequence of currents and/or potentials was applied.

In the low-current experiments, the fixed current was switched from anodic to
cathodic values before a significant amount of oxygen could be generated. In the high
current experiments the electrode was cleaned with a 2.33-A/cm? anodic pulse, which
was limited to less than 500 psec to avoid formation of dermasorbed oxygen. Immediately
following the cleaning pulse, the electrode potential was fixed with the potentiostat for a
given time to allow interaction of CO, and Hagq. This was followed by another 2.33-A/ em?®
anodic pulse, applied to determine the amounts of sorbed H, H,4-CO, (H,4-CO, merely
signifies the presence of both species on the surface), and O,4. Manual switching between
galvanostatic and potentiostatic control was used, with switching times being less than
0.5 sec. The time of switching was not important, since it was established that the amount
of Haq -CO, formed at a given potential in a set interaction time was unchanged at open
circuit for at least 72 hours. The first pulse (or cleaning pulse) rapidly anodized the
electrode to O, evolution, removed previously sorbed H,4 -CO,, and provided a repro-
ducible state. Thus, just prior to potentiostatic control, the electrode was free from
dermasorbed oxygen and H,4 -CO,. Each successive pulse not only gave the required
charging curve, but stripped the surface of H,4-CO, and presented a clean surface for
the start of another experiment. The current pulses for a given current density were
of equal duration.

#The electrode area remained unchanged after 45 days of continuous use, which included
extended periods of anodization during pre-electrolysis. The constancy of areas of the
bright Pt beads is a general observation inthis Laboratory. Barringfailure in the mount-
ing, an electrode area change has never been observed during normal use over periods
as long as 6 months.
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Fig. 1 - Oscillograms of anodiccharging
curves in 1M HySO4 at 25°C, with a current
of 0.2 mAfcm?2, (a) He flow rate is 88 std
cc/min, Trace 1 begins at the open-circuit
potential of 0,065V, and trace 2 immediately
aftera 10-sec cathodizationto deposit chemi-
sorbed H. In each case, the current was
reversed at 0,8 V to prevent deposition of
oxygen, (b) CO, flow rate is 4 std cc/min.
Trace 1 begins at the precathodized poten-
tial of 0.000 V, and trace 2 followstracel
after a stable.open-circuit potential of 0.050
V was attained. The new regionthat appears
at 0.690 Vis characteristic of the COy -inhib-
ited H,q4.
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RESULTS
Low Current Galvanostatic Charging Curves

After the cleanliness of the electrolyte and electrode surface had been established, *
charging curves were obtained with He at a flow rate of 88 std cc/min (Fig. 1a) and then
with CO, at a flow rate of 4 std cc/minf (Fig. 1b). In trace 1 of Fig. 1a, the electrode
was anodized from the open-circuit potential of 0.065 V to 0.800 V and then cathodized to
0.000 V. In trace 2, this procedure was preceded by 10-sec cathodization to deposit
chemisorbed H. In each case, the current was reversed at 0.800 V, avoiding the deposi-
tion of oxygen as verified by the absence of linear O-atom adsorption regions in the
charging curves.

Analysis of these charging curves in He-saturated solution shows that the anodic
charge in coul/cm® required to polarize the electrode t0.0.800 V (Q ) increases as
stirring rate decreases, as the potential from which charging was started decreases, and
as the time of precathodization increases. These observations are attributed tc oxidation
of the hydrogen generated during precathodization that would contribute to Q ,. In solu-
tions stirred with He flowed at 88 std cc/min, Q . varied from 600 weoul/em? when anodi-
zation was begun at the open circuit potential of 0.065 V, to about 900 xcoul/cm?2 for
10-sec precathodization, to about 1000 pcoul/cm® for '40-sec precathodization. The
cathodic charge in coul/em?® required to polarize the electrode from 0.800 V to 0.000 V

*The‘: linearity of voltage vs time in the O-atom adsorption region has been found to be a
re11a!ale test of electrode cleanliness (7). Typical linear regions are seen in Fig, 3,
TVarying the flow rates of CO, from 4 to 250 std cc/min did notaffectthe charging curves,



4 NAVAL RESEARCH LABORATORY

(Q.) remained roughly constant at 520 + 40 pcoul/cm®. The variation between Q, and
Q . noted here differs from Giner’s results, in which he found the anodic and cathodic
branches roughly equal.

Figure 1b is typical of the charging curves obtained when CO, was substituted for
He. Trace 1 was taken after 10-sec precathodization and trace 2 was taken from the
open-circuit potential of 0.050 V. The new plateau that appears at 0.690 V (designated
region X by Giner) was well below the potential of O-atom formation. Region X developed
slowly, requiring about 15 min at open circuit to reach a maximum. Q, was independent
of the stirring rate with CO,, indicating that the electrode surface had become passive
to the oxidation of hydrogen formed in precathodization.

Purification of CO,

Slow adsorption of traces of an oxidizable impurity could affect both the appearance
of the charging curves and the time required for the X region to develop. CO is one
trace impurity possibly present in the CO, used, and previous work (1, 7) has shown that
extremely small amounts of CO will affect charging curves. Accordingly, the purification
techniques used were designed either to remove trace amounts of CO and organic com-
pounds or to oxidize them completely to CO,. Since it is difficult to prove the absence
of impurities, the criterion for acceptably pure CO, was that the X region should develop
identically after the CO, was purified in several ways in separate experiments, namely,
by passage through Pd at -50°C, palladium oxide at 400°C, and Hopcalite and Cu at 350°C.
The strong chemisorption of CO on Pd is well known (8), thus a Pd cold trap should be
highly specific for CO and also very efficient for most organic impurities. Palladium
oxide and Hopcalite were used to oxidize any organic impurities present completely to
CO,. Inevery experiment, the X region developed identically.

CO, was replaced with He between each set of experiments and the electrode was
tested for cleanliness. Figure 2 presents typical results, in this case obtained 65 min
after starting the flow of He, Trace 1 shows that H,4-CO, is adsorbed strongly enough
to give the equivalent of a full monolayer, assuming a one-electron discharge. Further
experiments showed that even after 75 hours of He flow, a full monolayer was still pre-
sent on the electrode. After the electrode surface was cleaned by the first pulse, trace 2
shows that no oxidizable material is adsorbed from solution.

Finally, to eliminate the possibility of slow adsorption of solution impurities, charg-
ing curves were taken after a waiting period at open circuit. Trace 2 of Fig. 3, in which
figure there was a period of 13 min between pulses, shows no evidence of adsorption of
oxidizable impurities.

High Current Galvanostatic Charging Curves

The rate of formation of H,,-CO, was examined as a function of both potential and
interaction time. Figure 4 shows the amount of Q4 in certain time intervals when various
electrode potentials are employed.

Figure 5 presents typical results of the influence of interaction time on the amount of
H,4+CO, formed at a given potential, in this case 0.000 V. As the interaction time increases,
a dip, characteristic of the oxidation of many organic compounds, develops in the O region
at approximately 0.9 V in the case of high-current pulses. Paralleling this oxidation
plateau is the decrease in length of the usual H region.

The following quantities were determined from the oscillograms, in terms of pcoul/
: (a) Qt, the total charge required to polarize the electrode to the potential at which
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Fig. 2 - Oscillograms of charging curves in
1M H,S0, at 25°C, with a current of 0.2 mA/
cm? and a He flow rate of 56 std cc/min.
These traces show the irreversibility of CO2
adsorption, Results were obtained 65 min
after starting He flow., Trace 1 was taken
fromthe open-circuit potential of 0.050 V and
shows that the poisoning effect of CO; or HCOj;
is still present after all the COz has been
removed. Trace 2 was taken after a 10-sec
precathodization, and is characteristic of a
clean surface.
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Fig., 3 - Oscillograms of charging curves in
1M H,;SO4 at 25°C, with a current of 0.2 mA/
cm? and a He flow of 56 std cc/min., The
traces were taken after a waiting period at open
circuit to test for electrode cleanliness,
Neither shows any evidence of adsorption of
oxidizable impurities. Trace 1 was taken 2
min after the preceding polarization and after
a 60-sec precathodization, Trace 2was taken
13 min after the preceding polarization and
after a 10-sec precathodization period,
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Fig. 5 - Oscillograms of charging curvesin
1M H,SO, at 25°C, with a current of 2.33A/
cm?2 and a CO; flow rate of 2 std cc/min.
Electrode potential washeld at 0.000 V
between pulses. The effect of time on the X
regionis shown. Thelowest pulse was taken
1 sec after the initial pulse, and succeeding
pulses reading upward were taken 5, 10,20,
40, 80, and 300 sec after the preceding pulse.
Note the dip occurring inthe Oregion at about
0.900 V forlonger interactiontimes, and also
note the gradualdecrease inthe length of the
normal H region.
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0, evolution occurs; (b) (Q + Qyy,), the quantity of charge required to polarize the elec-
trode to the potential at the start of the X region (H atom oxidation and double layer
charging); and (c) (Q, + Q, ), the quantity of charge required to polarize the electrode
from the start of the Xregion tothe potentialof O, evolution (oxidation of adsorbed species,
formation of a monolayer of O atoms and double-layer charging). Thus,

Q. = Qy + Quuy + Qo + Qour- (1)

For a clean Pt electrode (3) in the absence of CO,,

CO,-free

Qo + QCO2 -free

ot = 426 ucoul/cm® + 36 pcoul/cm?®

= 460 + 20 pcoul/cm?. (2)

Assuming the charge required to form one monolayer of O atoms and to charge the double
layer is identical for saturated solutions of CO, and He, then

Qy = Qg + Qoqy - 460 peoul/cm’ , (3)

where Qy is the charge required to oxidize H,, -CO5.

When the electrode was potentiostated at 0.000 V, Q, reached a limiting value in less
than 1 sec and remained constant as the interaction time increased; that is, as Q
decreased, Q, increased by an equivalent amount. As the electrode was held at suc-
cessively more positive potentials, longer interaction times (which, however, were
always less than 2400 sec) were required to reach a limiting value of Q,. These data
are collected in the second and third columns of Table 1. For comparison, the values
of QS0x-free (Q, in CO,-free solution) are given in the fourth column. QGO2-free

values were determined by adding ( Py free +Qggf'f'ee) , given above, and Q{027 e°
+QS%27fre®  gerived from data obtained previously for H coverage of Pt electrodes

Hdl .
as a function of open-circuit potential and for double-layer capacity as a function of
potential (Figs. 10, and 5, in Ref. 5). The comparison in the fifth column of QgO2-free,
obtained in this way, with Q, implicitly assumes that the coverage of a Pt electrode by

H is the same when the electrode is at a given potential at open circuit and when it is
maintained at this potential with a potentiostat. Limiting Qx values, as determined using
Eq. (3), are given in the sixth column. Limiting Q, values, obtained from the anodic
charging curves and corrected for double-layer charging, are found in the seventh column.
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Table 1*
Coulometric Data Obtained From High-Current Charging Curves
I:]iil::zc';?;g:n Q, Observed After Q. Observed COa -free Q: - Q¢ CO, -free Qx Q H
Potential 1 sec Interaction Limiting Value | Q, =2 Limiting Value | Limiting Value | Limiting Value
(xcoul/ecm®) (zcoul/cm?) (ucoul/ecm?) (wcoul/ecm?) (xcoul/cm?) (zcoul/cm?)
)
0.300 489 + 25 478 + 25 487 + 25 0+35 035 025
0.250 512 + 25 652 + 25 518 + 25 134 + 35 132 + 35 025
0.200 594 + 25 700 £ 25 552 + 25 148 + 35 202 + 35 025
0.150 629 + 25 746 + 25 586 + 25 160 + 35 274 £ 35 025
0.100 652 + 25 769 + 25 638 + 25 131+ 35 285 + 35 0+ 25
0.065 769 + 25 775 + 25 669 + 25 106 + 35 231+ 35 30+ 25
0.000 785 + 25 789 + 25 729 + 25 60 + 35 260 + 35 50 + 25

*For explanation of symbols, see text.

Lo b b b b
-8 r v ) 0
log iy (CHARGING CURRENT IN A/cm?)

2

, POTENTIAL AT BEGINNING OF OXIDATION PLATEAU (vs NHE.

Vo

Fig. 6 - Dependence of the potential at the beginning of the oxidation
plateau V;, on the applied anodic charging current density, i,- Note
that V, is directly proportional to the logarithm of i.

The potential, at which oxidation of H,q -CO, first occurs, V,, is directly proportional
to the logarithm of the current density. Measurements of V., that is, the potential at the
beginning of the X region, were made on charging curves obtained at different charging
currents (Fig. 6).
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DISCUSSION

This work shows that the actual reduction of CO, by H 4 is neither a necessary or
likely explanation of the interaction between the two. Limiting Qy values found at inter-
action potentials below 0.250 volt (see Table I) show that the “X-region” is virtually sat-
urated with an oxidizable species. On the other hand, V, was found to depend only on
charging current (Fig. 6). If a reduced CO. surface compound were formed, then V,
should depend on current density only if the oxidation rate depended on a slow charge
transfer or chemical reaction step following charge transfer. However, if the oxidation
were dependent on a charge transfer or chemical rate, then the degree of surface cover-
age of the reduced CO, should affect the initial oxidation potential. The results, as shown,
e.g., in Fig. 5, indicate that V,, is independent of the degree of coverage, strongly sug-
gesting that no reduced CO, species is oxidized, i.e., that CO, is not reduced. Further
evidence against the possibility of CO, reduction is seen in Fig. 4 which shows that Qy
is independent of the interaction potential and hence H,4 concentration from 0.00 to
0.15 V.

The experimental results can be explained if there exists on the electrode surface
only a small number of active sites at which oxidation can occur (e.g., most of the sites
could be blocked for oxidation by another species) and the process involves diffusion of
the oxidizable species to these sites. It is well known that there are several types of
sorbed atomic H. If the concentration of active H,, were low, the rate of oxidation could
be affected by the rate of diffusion of irreversibly held H atoms. At low current densities
diffusion of H atoms to reactive sites would be fast enough to maintain a relatively con-
stant coverage of these sites. At high current densities a diffusion overvoltage of H atoms
would increase V,. This mechanism is supported by the fact that V, is independent of
Qx whereas in the “X region,” the potential increases as the H coverage decreases. As
a further check, an intensive search to detect traces of a reduced CO, compound in solu-
tion, was made using charging curves after long periods at open circuit (Fig. 2), and none
were ever found. In addition, Johnson and Kuhn (9) were unable by chemical analysis to
detect a reduced CO, compound in solution, after 24 hours of reaction.

There is concrete evidence that CO is not formed. CO oxidation begins in the poten-
tial range of 0.900 to 1.300 V, depending on the CO partial pressure (1). The oxidation
potential caused by the H,4 -CO, interaction depends on the charging current (Fig. 6),
but in every case is below 1.00 V. Under potentiostatic conditions, the equivalent of a
full monolayer of H, 4 can be rapidly removed (0.5 sec) at 0.300 V, while from published
(1) and unpublished work at this Laboratory CO appears to be unreactive to 0.900 V under
both transient and steady-state polarizations. Even at low coverages, a typical CO oxi-
dation plateau at about 0.900 V is observed with CO in solution. When much less than a
monolayer of CO is allowed to adsorb on a Pt electrode that has been precathodized to
evolve H,, a characteristic H arrest at about 0.550 V can be observed, in addition to the
small CO plateau (Fig. 2b in Ref. 2). This arrest is due to the oxidation of tightly bound
H atoms that have not been displaced. At somewhat higher coverages of CO, no evidence
of any arrest below 1 V was found (Fig. 2a in Ref. 2). Furthermore, the shapes of the
anodic charging curves for the X region are markedly different from those for CO oxida-
tion, both in the presence and absence of hydrogen (1,2).

Analysis of the data in Table 1 and Fig. 4 shows that when high-current anodic charg-
ing pulses are used:

1. At a given potential, more hydrogen is generated on the electrode when CO, is
present than is formed in CO,-free solution (column 5 in Table 1).

2. At sufficiently long interaction times (which were dependent on the potential but
less than 2400 sec), most of the H-ionization region - normally associated with a Pt elec-
trode in CO, -free solution at a given potential disappears (column 7 in Table 1). SmallH
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regions were found at 0.000 and 0.065 V, indicating that some active H,4y remains
at these potentials,

3. Qg is constant at about 260 + 35 xcoul/cm? for potentials negative to 0.200 V
(column 6). Assuming a one-electron reaction, this charge is approximately equal to the
230 pcoul/em® required to oxidize the H normally adsorbed on a clean Pt electrode at
0.000 V. This suggests that in the presence of CO, essentially a full monolayer of H
atoms is generated up to 0.200 V, but that above this potential not enough H is produced
to form a monolayer.

The most probable effect of CO, on H,, is one which shifts the equilibrium of the
reaction

Hd=H++e-, (4)

a

so that at a given interaction potential the formation of additional H_, is favored. Giner
previously inferred a similar shift in equilibrium. The data of column 5 shows that

Q, - QFO2-free, the equivalent excess found after H_, -CO, interaction over the amount
of H,4 found in CO, -free solutions, is essentially independent of potential between 0.100
and 0.250 V. The total amount of Qy(column 6), which includes the equivalent of H nor-
mally present under CO, -free conditions plus the excess H found in the presence of CO,,
decreases rapidly between 0.150 and 0.200 V, however. It is thus inferred that the excess
H required to give the values indicated in column 5 is all strongly bonded to Pt, since
active H, that is, reversibly held H, will not be formed at these more positive potentials.*
In other words, since reversibly held H atoms apparently cannot exist about 0.150 V, only
H atoms strongly bound or alloyed to Pt can be formed, and since the sites available for
these atoms will be limited, the equivalent of a full monolayer of CO,-blocked H,, cannot
build up.

+0.060 LI T T T T T [ T T T ]

Fig. 7 - Cathodic steady-state current
density vs potential in vigorously stir-
red solutions (current density is inde-
pendent of higher gas flow rates),
@ Schuldiner (18); M solution stirred
with helium at 690 std cc/min; A solu-
tion stirred with a COy-Hemixture
at rates >690 std cc/min. At a given
potential, the current densityfor the
CO, -He mixture is always less than
that for the pure He.
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The fact that CO, can inhibit H,4 reactions on a Pt electrode is confirmed in Fig. 7,
which compares the cathodic polarization behaviors in 1M H,SO, saturated with a CO, -
He mixture and with pure He. Behavior in pure CO; was found to be essentially the same

*Recent work inthis Laboratoryhas shown that the Nernst potential relation for an Ht/H,
electrode on Pt in a system in which O, leakage is so low that the equivalent O, partial
pressure above the solution is less than 10~° atm holds only to 0.180 V (1076 atm Haz).
This 0.180-V potential is independent of the H; partial pressure below 107® atm.Hence,
at potentials of 0,180 V and higher, the Ht/H2 exchange is not potential determining and
the intermediate H,q activity must be negligibly small, The conclusion that reversibly
held H atoms cannot exist above about 0.180 V thus appears valid,
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as in the CO, -He mixture. He was added to increase gas stirring rates to establish a
limit beyond which increased stirring did not increase current density. At a given poten-
tial, the current density for the CO, -He mixture is always less than that for the pure He.

It is difficult to see how CO, itself could act as an electrode poison. One possibility
is that the HCO3; or CO3 ions present in solution are the poisons. The formation of com-
plexes having HCOj; or CO7 structures in the gas-phase adsorption of CO, has recently
been suggested (10). The poisoning effects of these anions could then be similar to the
effects of I on the rate of H ionization in H, SO,, reported by Shanina (11), who found the
poisoning effect to occur slowly. Slygin and Frumkin (12,13) showed that the shapes of
anodic charging curves for H ionization depend on the anion in solution. For example,
several plateaus that were present for oxidation in H, SO, could not be detected in HCl
or HBr. From arrests in the charging curves on platinized Pt in H, SO, at about 0.700 V,
Slygin and Frumkin suggested that some H could be so firmly bound as to require this
higher potential for oxidation. The fact that they obtained a lengthening of this plateau
with more intensive platinization, which presumably generated more sites at which H
atoms could be strongly adsorbed, argues against solution poisoning. Their results do
suggest that under certain conditions a much higher potential than expected is required
to oxidize H.

Although the concentration of CO; will be vanishingly small in 1M H,SO, at 1 atm
CO,, HCO; will be present in solution at approximately 10~ M (14), and could be at a
somewhat higher concentration in the double layer. Anions present at 1078 M could
easily poison a Pt electrode, but this would depend on the reversibility of adsorption.

In the absence of any detailed knowledge of the adsorption of HCO3; on Pt, this suggestion
must remain open to question. Teeter and Van Rysselberghe (15) found that while CO,
was reduced to HCOOH with virtually 100% current efficiency, HCO; was electrochemi-
cally inactive. However, it should be mentioned that their reaction was at high negative
potentials where anion adsorption would be expected to be negligible. Since CO, inhibits
H,q on the Pt surface at low cathodic potentials,* this eliminates the possibility that
HCO; might be the poisoning species at anodic potentials but be desorbed when the Pt
surface is negatively charged.

Giner (16) concluded that upon anodic oxidation on Pt, and to some extent at open cir-
cuit, CH, OH and HCOOH gave a product which was the same as that formed by reaction
of €0, with H atoms. He considered that the CO, was reduced by H atoms. We believe
that in HCOOH solution dissociation to H,q and CO, takes place and that inhibition of H,4
or HCOOH oxidation results. This interaction of the products of dissociative adsorption
has several implications for the anodic oxidation of organic compounds, and particularly
for HCOOH. The dissociative mechanism for HCOOH oxidation,

HCOOH = HCOOH .4 (5)
HCOOH,, = H,, +HCOO,4 (6)
H,q =H +e (4)
HCOO,q = CO, +H' +e” )

has been generally accepted in the literature (17). The present results indicate that such
a mechanism cannot continue at potentials negative to 0.300 V in H,SO, at Pt electrodes

*For example, after potentiostating the Pt electrode in COj~saturated solution at -0.120 V,
the oxidation plateau of the X region was still present at about 0.950 V on the anodic
charging curve when the pulse current was 2.33 A/cm?.
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at 25°C. After sufficient interaction of H,4 and CO, , the HCOOH dissociation could not
proceed on a major fraction of the electrode surface because of the blocking effect of CO,.

A decrease in current with time is generally found for the potentiostated oxidation of
organic compounds. Recently it has been suggested that this might be due to “reduced
CO,.” However, this work shows that under steady-state conditions CO, cannot block
H,s oxidation at or above 0.300 V. Hence, a poisoning effect due to this at potentials
above 0.300 V is impossible. The present results also imply that the complete oxidation
of organic compounds on Pt at potentials below 0.300 V to obtain higher cell voltages in
electrochemical energy converters may not be feasible.

CONCLUSIONS

1. CO, in solution, or possibly HCOj3, interacts strongly on Pt to affect H adsorp-
tion. The rate of interaction is relatively slow; about 15 min are required to attain
limiting conditions.

2. The interaction is apparently not simple physical adsorption of CO, on the metal
substrate, and a reduced CO, surface compound or a soluble species that is stable in
solution are not formed. The H,; blocked by CO; interaction is stabie on the surface
and irreversibly sorbed.

3. The oxidizable species is not CO.

4, Limiting H,q blocked by CO, or HCOs3 is x 260 ;Lcoul/cmz. This H,4 is stable
at potentials negative to 0.3 V. When potentiostated at 0.300 V, it is completely oxidized.

5. CO, or HCOj inhibits the H, -evolution reaction on Pt.

6. Coulometric measurements strongly indicate that active or weakly bound H is
present on the electrode below about 0.150 V, but not above this potential,

7. It is tentatively suggested that HCOOH dissociates to H, 4 and CO,, and that CO,
or HCOj; interacts on Pt to retard oxidation of HCOOH.
ACKNOWLEDGMENT

We are grateful to Dr, J.C. White for his helpful suggestions concerning this work,



14,

15.

16.
17.

18.

REFERENCES

Warner, T.B., and Schuldiner, S., J. Electrochem. Soc. 111:992 (1964); NRL Report
6058, Apr. 24, 1964

Schuldiner, S., and Warner, T.B., Electrochim. Acta 11:307 (1966); NRL Report 6263,
Apr. 28, 1965

Giner, J., Electrochim, Acta 8:857 (1963)

Schuldiner, S., and Warner, T.B., J. Electrochem. Soc. 112:212 (1965); NRL Report
6136, Sept. 4, 1964

Schuldiner, S., and Roe, R.M., J. Electrochem. Soc. 110:332 (1963); NRL Report 5809,

July 17, 1962

Warner, T.B., and Schuldiner, S., J. Electrochem. Soc. 112:853 (1965); NRL Report
6244, Apr. 15, 1965

Schuldiner, S., and Warner, T.B., J. Phys. Chem. 68:1223 (1964)

Hayward, D.O., and Trapnell, B.M.W., “Chemisorption,” 2nd ed., Butterworth’s,
p. 75, 1964

Johnson, P.R., and Kuhn, A.T., J. Electrochem. Soc. 112:599 (1965)
Deitz, V.R., Carpenter, F.G., and Arnold, R.G., Carbon 1:245 (1964)
Shanina, L.T., Dokl. Akad. Nauk SSSR 134:141 (1960)

Slygin, A., and Frumkin, A.N., Acta Physicochim. URSS 3:791 (1935)

Frumkin, A.N., “Advances in Electrochemistry and Electrochemical Engineering,”
Vol. 3, Interscience Publishers, p. 317, 1963

Carpenter, F.G., Deitz, V.R., and Rootare, H.M., National Bureau of Standards
Report 6937, 1960

Teeter, T.E., and Van Rysselberghe, P., C.L.T.C.E., Proceedings of Sixth Meeting,
Butterworth’s, p. 538, 1955

Giner, J., Electrochim. Acta 9:63 (1964)

Piersma, B.J., and Gileadi, E., “Modern Aspects of Electrochemistry,” Vol. 4,
Bockris, J.0’M., ed., Plenium Press, 1966

Schuldiner, S., J. Electrochem. Soc. 108:384 (1961)

12



Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

1. ORIGINATIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION
U.S. Naval Research Laboratory Unclassified
Washington, D.C. 20390 2b. GROUP

3. REPORT TITLE

INTERACTION OF CARBON DIOXIDE WITH HYDROGEN
CHEMISORBED ON A PLATINUM ELECTRODE

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)
An interim report on one phase of the problem.

5. AUTHOR(S) (Last name, first name, initial)

Piersma, B.J., Warner, T.B., and Schuldiner, S.

6. REPORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS
April 26, 1966 16 18
Ba. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)
NbRL Probs. C05-06 and C05-13 NRL Report 6388
SR 007-12- 01 -0809 and RR 001-01-43-
4754 9b. g;rsH:EeSaf)EPORT NO(S) (Any other numbers that may be assigned

d.

10. AVAILABILITY/LIMITATION NOTICES
Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Dep’t of the Navy (Office of Naval
Research and Bureau of Ships),
Washington, D.C.

13. ABSTRACT

The effect of CO, on the oxidation of H atoms chemisorbed on a Pt electrode
is examined with potentiostatic and transient galvanostatic techniques. The
results indicate that CO, is not reduced, but that H,, oxidation is inhibited by
CO,, or possibly HCO; . Under these conditions the inhibited or blocked H_
is stable at potentials negative to 0.300 V (vs N.H.E.). Dissociation of HCOOH
to H .4 and CO, may inhibit the further oxidation of HCOOH by a similar
blocking mechanism.

DD .7, 1473 13

Security Classification



Security Classification

" KEY WORDS LINK A LINK B LINK C
ROLE wT ROLE WT ROLE wWT
Bicarbonates
Carbon dioxide
Chemisorption
Electrodes
Fuel cells

Hydrogen

Oxidation-reduction reactions
Platinum

Polarization

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘“Restricted Data’’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 520010 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title,

4, DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal author is an ahsolute minimum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b6. NUMEBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written,

8b, 8¢, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) ‘‘Qualified requesters may obtain copies of this
report from DDC.”’

(2) *“Foreign announcement and dissemination of this
report by DDC is not authorized.””

(3) ““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

”
.

(4) “‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) “‘All distribution of this report is controlled. Qual-
ified DDC users shall request through

il
If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of tec¢hnical con-
text. The assignment of links, rales, and weights is optional.

14

Security Classification



